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ARTICLE 
Wind resource estimation and 
siting of wind turbines 
ERIK L. PETERSEN, NIELS G. MORTENSEN AND LARS LANDBERG 
Detailed knowledge of the characteristics of the 
natural wind is necessary for the design, plan-
ning and operational aspect of wind energy sys-
tems. Here, we shall only be concerned with those 
meteorological aspects of wind energy planning 
that are termed wind resource estimation. 
The estimation of the wind resource ranges 
from the overall estimation of the mean energy 
content of the wind over a large area - called 
regional assessment - to the prediction of the 
average yearly energy production of a specific 
wind turbine at a specific location - called sit-
ing. A regional assessment will most often lead 
to a so-called wind atlas. 
A precise prediction of the wind speed at a 
given site is essential because for aerodynamic 
reasons the power output of a wind turbine is 
proportional to the third power of the wind speed, 
hence even small errors in prediction of wind 
speed may result in large deviations in the an-
ticipated power production and thereby lead to 
considerable uncertainty in the assessment of the 
economic benefits of installing wind power. 
REGIONAL WIND RESOURCE 
ASSESSMENT - WIND ATLAS 
The wind energy resources can vary greatly from 
one region to another and by more than a factor 
ten on the energy scale. But not only does the 
mean energy content in the wind vary over large 
distances - substantial variations can be experi-
enced over short distances also. Therefore, reli-
able data and methods are a prerequisite for the 
determination of regional wind energy resources 
as well as the resources of selected locations. 
The purpose of a wind atlas is therefore two-
fold: both to present wind data and to provide 
methodologies for generalizing wind data to a 
surrounding region for use in estimations of wind 
energy potential and wind turbine siting. 
An example is the European Wind Atlas, where 
more than 200 meteorological stations in the 
European Union countries were selected for 
calculating regional wind climatologies. For 
each station a dataset of meteorological 
measurements taken over a period of 10 years was 
utilized in addition to an accurate description of 
the station and its topographical setting. The 
information from each station was used to 
calculate a wind climatology considered to be 
representative for a region out to a distance of 
approximately lOOkm from the station. To do this 
it was necessary to consider and correct for the 
influence of local topography on the measured 
wind data as described below. 
The result of the analysis was the Atlas of 
Regional Wind Climates in the form of Weibull 
parameter tables corresponding to 12 standard 
azimuth sectors, five heights between 10 and 200 
metres above ground level, and four terrain types 
ranging from off-shore conditions to very shel-
tered urban areas. 
Figure 1 illustrates the procedure leading to 
a wind atlas and also the application of a wind 
atlas, following a method in which the regional 
wind climatologies are used as input to the mod-
els to produce site-specific wind climatologies, 
which in turn are used for siting of wind turbines 
(as explained in the next section). 
The map in Figure 2 is from the European Wind 
Atlas. It provides a means for estimating the wind 
energy resources at a height of 50 metres above 
the ground. The map depicts the geographical 
distribution of five wind energy classes, each 
class representing a range of mean wind power 
densities or' equivalent mean wind speeds, the 
range being topography-dependent. 
The expected ranges of mean power density 
and mean wind speed are given in a table as an 
example for five different topographical condi-
tions. The map does not depict the considerable 
variability in the mean power over short dis-
tances, especially in areas of coastal, hilly and 
mountainous terrain. It can be used, together 
with the table and knowledge of local topogra-
phy, to identify reasonably large areas with a 
possible high wind resource. Incidentally, the 
number of W/m-2 at 50 metres is of the same or-
der as the number of households a lMW wind 
turbine (hub height and rotor diameter 50 me-
tres) can provide with electricity (4500kWh/year/ 
household): say, more than 500 households in 
Scotland at open plains and more than 1800 at a 
favourable hill. 
The map in Figure 3 depicts the wind resources 
at the open sea at five heights. Open sea means 
here more than lOkm off-shore. In the coastal 
region it is necessary to perform calculations 
taking into account the orientation and the topo-
graphy of the coast, for example by use of the 
iriting methodology described below. 
I 
Figure 1. A schematic presentation of the method 
used for the transformation of meteorological data. 
The left arrow illustrates the process of "clean-
ing" wind data for local conditions. The inverse 
calculation is illustrated by the righthand arrow: 
the "cleaned" regionally representative data are 
used for the calculation of wind conditions at a 
specific location. (Source: European Wind Atlas) 
SITING 
When it comes to actual calculations of the 
expected yearly power production from specific 
turbines at selected locations - siting - it is 
generally necessary to have much more detailed 
information than can be read from maps like 
Figure 2. Such information can be found in the 
Wind 
meteorological data that are being measured at 
airports, climatological stations, etc. But the 
application of measured wind-speed statistics to 
wind energy resource calculations is not 
straightforward. This is so because the wind 
speed measured at a meteorological station is 
determined mainly by two factors: the overall 
weather systems, which usually have an extent 
of several hundred kilometres, and the nearby 
topography out to a few tens of kilometres from 
the station. Strictly speaking, the direct use of 
measured wind speed data for wind resource 
calculations results in power estimates that are 
representative only for the actual position of the 
wind-measuring instruments. The application of 
measured wind speed statistics to wind energy 
resource calculations therefore requires methods 
for the transformation of wind speed statistics 
from one location and/or height to another. 
SITING METHODS 
During the last 10 years great effort has gone 
into the development of such methods, ranging 
from a purely statistical estimation to models 
based on the full set of physical equations for 
flows in the atmosphere. An example of a statis-
tical method is the Measure-Correlate-Predict 
method where one or more short-term data se-
ries measured at a planned wind farm site are 
linked to a base station with a longer series of 
measurements by simple correlation techniques. 
Due to the very high cost of wind measurements, 
the method is mostly used in cases where a wind 
farm is already being planned. In order for the 
method to be useful, the calculated correlations 
need to be close to one. One drawback is that the 
estimated site statistics are only valid for the 
positions and the heights where the measure-
ments were taken. Any realistic extrapolation 
away from the measuring points requires physi-
cal methods. This is so because any measurement 
of the wind is influenced by the surrounding to-
pography, i.e. the effect of different surface con-
ditions, sheltering effects due to buildings and 
other obstacles, and the modification of the wind 
imposed by variations of the height of ground 
around the meteorological station. Figure 1 il-
lustrates these three main topographical features 
which have to be taken into consideration in any 
siting procedure. Further, Figure 4 illustrates the 
profound influence of topography on the spatial 
distribution of the wind resource. 
At present the most widely used siting meth-
odology is the one laid down in the European 
Wind Atlas and provided by the PC programme 
WA'P (Wind Atlas Analysis and Application Pro-
gramme). The methodology follows closely Fig-
ure 1, i.e. the creation of regional climatologies 
by cleaning (correcting) data from topographi-
cal effects and in the siting procedure 
recolouring the regional statistics by introduc-
ing the topographical effects at the individual 
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Wind resources1 at 50 metres above ground level for five different topographic conditions 
Sheltered terrain2 Open plain3 At a sea coast4 Open sea5 Hills and ridges6 
ms- 1 wm- 2 ms-1 wm-2 ms-1 wm- 2 ms-1 wm- 2 ms- 1 wm-2 
> 6.0 > 250 > 7.5 > 500 > 8.5 > 700 > 9.0 > 800 > 11.5 > 1800 
5.0-6.0 150-250 6.5-7.5 300-500 7.0-8.5 400-700 8.0-9.0 600-800 10.0-11.5 1200-1800 
4.5-5.0 100-150 5.5-6.5 200-300 6.0-7.0 250-400 7.0-8.0 400-600 8.5-10.0 700-1200 
3.5-4.5 50-100 4.5-5.5 100-200 5.0-6.0 150-250 5.5-7.0 200-400 . 7.0- 8.5 400- 700 
< 3.5 < 50 < 4.5 < 100 < 5.0 < 150 < 5.5 < 200 < 7.0 < 400 
1. The resources refer to the power present in the wind. A wind turbine can utilize between 20 and 30% of the available 
resource. The resources are calculated for an air density ofl.23 kgm- 3 , corresponding to standard sea level pressure and 
a temperature of 15°C. Air density decreases with height but up to 1000 m a.s.l. the resulting reduction of the power 
densities is less than 10%. 
2. Urban districts, forest and farm land with many windbreaks (roughness class 3). 
3. Open landscapes with few windbreaks (roughness class 1). In general, the most favourable inland sites on level land are 
found here. 
4. The classes pertain to a straight coastline, a uniform wind rose and a land surface with few windbreaks (roughness class 
1). Resources will be higher, and closer to open sea values, if winds from the sea occur more frequently, i.e. the wind rose 
is not uniform and/or the land protrudes into the sea. Conversely, resources will generally be smaller, and closer to land 
values, if winds from land occur more frequently. 
5. More than 10 km offshore (roughness class 0). 
6. The classes correspond to 50% overspeeding and were calculated for a site on the summit of a single axisymmetric hill 
with a height of 400 metres and a base diameter of 4 km. The overspeeding depends on the height, length and specific 
setting of the hill. 
Figure 2. Distribution of wind resources in Europe. By means of the legend the available wind energy at a 
height of 50 metres can be estimated for five topographical conditions. (Source: European Wind Atlas) 
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Wind resources over open sea (more than 10 km offshore) for five standard heights 
lOm 25m 50m lOOm 2oom 
ms-1 wm-2 ms-1 wm-2 ms-1 wm-2 ms-1 wm-2 ms-1 wm-2 
> 8.0 > 600 > 8.5 > 700 > 9.0 > 800 > 10.0 > 1100 > 11.0 > 1500 
7.0-8.0 350-600 7.5-8.5 450-700 8.0-9.0 600-800 8.5-10.0 650-1100 9.5-11.0 900-1500 
6.0-7.0 250-300 6.5-7.5 300-450 7.0-8.0 400-600 7.5- 8.5 450- 650 8.0- 9.5 600- 900 
4.5-6.0 100-250 5.0-6.5 150-300 5.5-7.0 200-400 6.0- 7.5 250- 450 6.5- 8.0 300- 600 
< 4.5 < 100 < 5.0 < 150 < 5.5 < 200 < 6.0 < 250 < 6.5 < 300 
Figure 3. Distribution of wind resources in Europe over open sea. (Source: European Wind Energy Confer-
ence, Travemiinde, 1993) · 
sites. WA"P was used for the production of the 
European Wind Atlas and has been used for pro-
ducing wind atlases in Algeria, Jordan, Western 
Australia, Switzerland, Sweden and Finland. It 
is presently used for siting in more than 50 coun-
tries. 
FLOW MODELLING 
A particular challenge has been the development 
of flow models suitable for predicting mean flow 
characteristics for hills, ridges and similar topo-
graphical features. As the wind speed acceler-
ates over hills and might double the magnitude, 
summits are very attractive sites. Currently 
three different types of physical models are in 
use: mass-consistent models which build on the 
conservation-of-mass principle, models based on 
linearized versions of the full set of equations, 
and models based on the full set of equations. 
The three groups of models all have their ad-
vantages and disadvantages. The mass-consist-
ent models are very simple to use and require 
only very simple computational resources. One 
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Figure 4. A schematic - but highly realistic - illustration of the effects of roughness change and terrain 
orography on the energy density of the wind. The energy density (Wm-2) is calculated 10 m a.g.l. in a regular 
grid with a cell size of 85m x 85m. The figure covers a land surface of 12km x 6km. Note that the vertical 
scale of the hill is exaggerated by a factor of 5. 
of 'the disadvantages of these models is that in 
order to produce reliable results they need a very 
dense network of measuring stations, which is 
somewhat contradictory to the idea behind sit-
ing. Another disadvantage is the much oversim-
plified description of the flow close to the ground. 
However, with the ever-increasing computer 
power these models will soon be out of use, re-
placed by the more physical models. 
Currently the most applied models are the 
linearized models, which are known to produce 
reliable and accurate results as long as the rather 
restricting assumptions of gently sloping terrain 
and not too high hills are observed approxi-
mately. Well known among these models are MS-
Micro and the BZ model ofWA'P. Figure 5 shows 
a particular feature of the BZ model: the expand-
ing polar grid. Because the terrain elevations 
closest to the actual locations exert the strong-
est influence, this type of grid enables a very 
detailed description of the close-by terrain, 
whereas the terrain far away is given less weight. 
The model calculates the modification to the flow 
caused by the topography in each grid point and 
at several height levels. 
FUTURE SITING MODELS 
The most complete models are the so-called meso-
scale models. They are currently not used for 
specific siting but it is attempted to include them 
as part of a model complex. The advantage is that 
they are able to model very complex flow systems, 
such as, for example, thermally driven flows in 
mountainous Mediterranean areas. The disad-
vantage lies in the difficulties encountered in 
prescribing the initial and boundary conditions 
accurately. Further, they typically model an area 
of the order of lOOkm x lOOkm with a resolution 
of 1-2km. To move in on a specific location it is 
necessary to apply a high-resolution model of the 
linearized type. Currently, in a comprehensive 
EU-JOULE project, it is attempted to combine 
the Karlsruhe Atmospheric Mesoscale Model 
(KAMM) with WA'P, utilizing the zooming grid 
Figure 5. Illustration of polar zooming grid em-
ployed by the BZ model of WA•P for the calcula-
tion of flow in hilly terrain. A part of Great Glenn 
Valley in Scotland as seen from a point above Loch 
Ness is shown as digitized height contour lines. 
The zooming grid is superimposed on the terrain. 
The inside length of the upper figure is 1 Okm, and 
the lower figure shows a smaller part as indicated 
by the four vertical bars (side length 2km). The 
vertical scale is exaggerated by a factor of 5. 
(Source: European Wind Atlas) 
feature of the BZ model. The siting skill of the 
KAMM-WA•P model combinationris presently 
being tested against a massive climatological 
measuring programme, which is part of the EU 
project, in mountainous areas in Portugal, Italy, 
Greece, Ireland and Germany. 
STATE OF THE ART 
The question "What is the state of the art in wind 
resource assessment?" can also be formulated 
quite simply: "What is the uncertainty in the 
power production estimate for a given wind tur-
bine at a given location?" From many years of 
experience we can quite bluntly state that the 
expectation of many wind farm developers and 
their investors for an uncertainty better than 
10% is quite often more than unrealistic. First 
of all, the uncertainty on the power curves of 
wind turbines from the same production line is 
most likely larger than 5%. Secondly, only very 
carefully calibrated and continuously main-
tained wind-measuring devices, e.g. anemom-
eters, can measure the wind speed with an error 
of less than 5% (corresponding to an error of 
approximately 15% in the mean power produc-
tion!) Then the models for horizontal and verti-
cal extrapolation will for mean wind conditions 
at a flat plain give errors of the order: shelter 
5% and roughness 5%. The largest expected er-
rors are related to the calculation of flow in com-
plex orography. Empirically, the BZ model and 
other similar models are found to work well for 
the prediction of flows over not too steep hills 
and ridges. The model-induced typical error is of 
the order of 10% in estimates of relative increase 
of wind speed on top of a hill that has horizontal 
dimensions of less than 1-2km and slopes less 
than 30%. For steeper hills and ridges the error 
can become much larger. 
Larger-scale orographic features render the 
BZ model and other linearized models increas-
ingly deficient because of the importance of 
physical effects not present in these models. How-
ever, these effects are well modelled by the KAMM 
model and our hope is that the combined KAMM-
WA•P model will be able to predict mean wind 
speeds in an area as complicated as northern Por-
tugal with an average error less than ±15%. 
It should be noted that in spite of these inves-
tor-terrifying errors the ability of the models to 
locate the optimum sites in a given area is al-
most always very good. 
THE FUTURE 
A vision of a future siting is a wind farm devel-
oper walking in the terrain - perhaps in virtual 
reality on a computer - and searching for the 
optimal sites. In his hand he is holding a small 
computer which obtains his position from a sat-
ellite and communicates this via satellite to the 
World Data Bank System, a system that connects 
all major international database centres and, 
among those, those whi:Ch contain all regional 
Wind 
wind climatologies, detailed terrain heights and 
updated land use information. This, together with 
the very efficient and highly accurate applica-
tion programmes - e.g. the successors of WA"P 
and KAMM - also available at the centres, al-
lows a fast calculation of the wind resource at 
the position of our developer. This is transmit-
ted back to him and, as he changes position, hp 
can follow the change in the wind potential on 
the screen or rather the average yearly produc-
tion from a wind turbine specified by him. Back 
at his drawing table the developer can then ex-
tract all other necessary information from the 
System, such as land use restrictions, power lines, 
domestic planning, price of land, etc., and finally 
design the optimal wind farm under the given 
conditions. 
How far are we from this vision? Around the 
year 2000 we will probably get close; at the present 
moment some of the cornerstones are being placed. 
To mention a few, but important, ones: 
the reanalysis project at the European Cen-
tre of Medium Weather forecast, providing a 
homogeneous dataset of the last 15 years of 
global atmospheric observations 
• the CORINE Land Cover Project (EU), provid-
ing high-resolution land cover data for a 
number of countries 
• releases of presently militarily restricted topo-
graphical information - especially height in-
formation 
the development of Geographical Information 
Systems 
• finally, the combined Karlsruhe Atmospheric 
Mesoscale Model and Wind Atlas Analysis and 
Application Model. 
Erik Lundtang Petersen, Niels Gylling 
Mortensen and Lars Landberg work in the 
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